Gibberellic acid (GA) can regulate many plant developmental processes. GAST1 has been identified as a GA-stimulated transcript, and Arabidopsis GAST-like genes are known to constitute the GASA family. However, the functions of most GASA genes are not clear at present. In this study, the function of GASA14, a member of the GASA family, was investigated. GASA14 expression was upregulated by GA and downregulated by the transcriptional regulators that repress GA responses, the DELLA proteins GAI and RGA. Phenotypic analysis showed that growth of the GASA14 null mutant (gasa14-1) line was retarded, and the growth of the 35S::GASA14 lines were promoted in young plants. Furthermore, seed germination of the gasa14-1 plants showed more sensitivity to paclobutrazol (an inhibitor of GA biosynthesis) than Columbia (Col) plants, suggesting that GASA14 is required for GA-dependent responses. Analysis of the responses of the gasa14-1 and 35S::GASA14 lines to abscisic acid (ABA) and salt revealed that germination and seedling establishment of gasa14-1 were poorer than those of Col plants and that the 35S::GASA14 lines were more resistant to ABA and salt. Further analysis showed that overexpression of GASA14 could suppress reactive oxygen species (ROS) accumulation. Taken together, these results demonstrated that GASA14 regulates leaf expansion and abiotic stress resistance by modulating ROS accumulation. Because GASA14 contains both GASA (GA-stimulated in Arabidopsis) and PRP (proline-rich protein) domains, the PRP domain coding sequence was overexpressed in Col plants and it was found that the growth of the transgenic plants and the responses to ABA and salt were not altered. These results thus suggest that the GASA domain is necessary for the functions of GASA14.
Introduction
The phytohormone gibberellic acid (GA) plays an important role in many developmental processes, such as seed germination, shoot elongation, vegetative growth, and flower induction (Sun and Gubler, 2004) . The GA signalling pathway has been studied for many years, but the signalling pathway leading to these developmental events remains largely unknown.
When GA accumulates, DELLA proteins (so-called because they contain the sequence DELLA) are degraded, allowing the expression of downstream genes in response to GA (Jiang and Fu, 2007) . The link between the downstream element of the DELLA proteins and the developmental events is unknown.
To date, only a few GA downstream genes have been characterized. GAST1 was identified as a GA-stimulated gene in tomatoes by Shi et al. (1992) . Numerous GAST1 homologues have subsequently been found in various plant species, and a multigene family encoding GASA (GA-stimulated in Arabidopsis) domains was identified in Arabidopsis (Herzog et al., 1995) , consisting of up to 14 different genes (Roxrud et al., 2007) . Most GAST homologues have been found to be GA-responsive genes. These proteins contain a putative signal peptide at the N terminus and a conserved C-terminal region of approximately 60 aa that contains 12 cysteine residues in conserved sites. These genes are involved in numerous biological processes, including elongation (GEG in Gerbera hybrida), flowering, seed development and light signalling (GASA4 in Arabidopsis), flowering and stem growth (GASA5 in Arabidopsis), shoot elongation and flower transition (GIP2 in Petunia hybrida), regulation of plant growth and fruit size (FaGASA in strawberry), mediation of the brassinosteroid and GA pathways and their interaction (OsGSR1 in rice), and abiotic stresses (heat tolerance of GASA4 and GASA5 in Arabidopsis, and FsGASA4 in beechnut) (Kotilainen et al., 1999; Ben-Nissan et al., 2004; de la Fuente et al., 2006; Chen et al., 2007; Ko et al., 2007; Roxrud et al., 2007; AlonsoRamirez et al., 2009; Zhang et al., 2009; Wang et al., 2009; Zhang and Wang, 2011) . Arabidopsis includes 14 GAST1 homologues (Roxrud et al., 2007) . Among these homologues, GASA14 is different from the others -aside from the GASA domain, it has a proline-rich protein (PRP) motif in the N-terminal region.
Although the functions of GASA genes are largely unknown, their temporal and spatial expression patterns can provide evidence of what they actually do (Aubert et al., 1998; Roxrud et al., 2007; Zhang and Wang, 2008) . Most of the GASA genes are expressed ubiquitously. Expression of the GASA genes in specific organs and tissues is duplicated, suggesting that the GASA genes may play diverse and redundant functions in plant development.
All GASA proteins contain a GASA domain containing 12 conserved cysteines in conserved positions, which suggests that these proteins may have similar biochemical roles. However, the biochemical function of GASA proteins is not yet clear. Pairs of cysteines in the GASA proteins are separated by one or two amino acids, which indicate that the GASA proteins may contain redox-active sites and could play a role in redox regulation (Buchanan and Balmer, 2005) . Several studies support this hypothesis: it was reported that transcription of the petunia GAST1 homologues GIP2, GIP4, and GIP5 was upregulated by H 2 O 2 , and the overexpression of GIP2 in petunia reduced the levels of H 2 O 2 production in leaves following wounding and in guard cells following osmotic stress and abscisic acid (ABA) treatment (Wigoda et al., 2006) . Furthermore, overexpression of GASA4 suppresses reactive oxygen species (ROS) accumulation (Rubinovich and Weiss, 2010) .
The functions of GASA14 and its relationship to the DELLA proteins were analysed to gain further insight into the function of the GAST1 homologues and their role in the GA signalling pathway. Our results indicated that GASA14 regulates increases in plant growth through GA-induced and DELLA-dependent signal transduction and that GASA14 can increase abiotic stress resistance by reducing ROS accumulation.
Materials and methods

Plant materials
Arabidopsis thaliana ecotype Columbia (Col) was used for transformations and as the experimental control in this study unless otherwise indicated. The mutant lines gai, gai-t6, and rga were derived from the Landsberg erecta (Ler) and generously provided by Professor Xiangdong Fu (Institute of Genetics and Developmental Biology of the Chinese Academy of Sciences). Seeds of the GASA14 T-DNA insertion line SALK-054982 were obtained from the Arabidopsis T-DNA insertion collection of the SALK Institute. PCR was conducted on genomic DNA using gene-specific and T-DNA border-specific primers to obtain plants homozygous for the T-DNA insertion (Supplementary Table S1 at JXB online). No detectable GASA14 mRNA in the homozygous GASA14 T-DNA insertion line was found by RT-PCR.
Growth conditions
Seeds were surface sterilized in 10% NaClO for 10 min, rinsed four to five times with sterile distilled water, treated for 2-3 d at 4 °C, and sown in a Petri dish containing sterile solid medium consisting of Murashige and Skoog (MS) salt, 3% sucrose, and 0.8% agar at pH 5.7. For germination assays under stress, all seeds were collected at the same time and sown on MS medium supplemented with or without 150 mM NaCl or 0.5 μM ABA. For growth experiments, seeds of the same age were soaked in a small volume of water, placed in the dark at 4 °C for 2 d, and sown directly on soil. Plants were grown in growth chambers under high light intensity with a day length of 16 h and 60% relative humidity at 22°.
Plasmid construct and plant transformation
The GASA14 gene, its promoter (1227 bp before the 5' untranslated region) and the PRP domain fragment were PCR amplified using high-fidelity DNA polymerase (Pfu Ultra DNA polymerase) from Arabidopsis genomic DNA and cloned into a T-Vector (Takara Bio, Japan). The sequence of the cloned GASA14 gene, promoter, and PRP fragment was verified by DNA sequencing. For the overexpression experiments (35S::GASA14), the GASA14 gene and PRP fragment were separately subcloned into pCAMBIA1302. For promoter analysis, the promoter was subcloned into pBI101 to drive expression of the β-glucuronidase (GUS) gene (pGASA14::GUS). For the complementary experiment (pGASA14::GASA14), the promoter of GASA14 was subcloned into pCAMBIA1391 and used to drive the expression of GASA14. The fusion of GASA14 and enhanced green fluorescent protein (35S::GASA14-GFP) was made by cloning GASA14 (with the stop codon removed) in frame to the N terminus of the GFP protein of the modified pBin19 binary vectors. The cauliflower mosaic virus (CaMV) 35S promoter was used to drive expression of the fusion protein. Plants were transformed with Agrobacterium tumefaciens by the floral dipping method (Clough and Bent, 1998) . The transformants were selected on agar plates containing 50 μg/ml of kanamycin and verified by PCR using construct-specific primers. All transformed plants were selected for two more generations, and homozygous transgenic plants (T3) were used for further characterization.
GUS staining and GFP localization
Three of the T2 and T3 transgenic lines carrying the pGASA14::GUS construct were assayed for GUS staining. The plant material was immersed in GUS staining solution (50 mM sodium phosphate buffer, pH 7.0, 1 mM EDTA, 0.1% Triton X-100, 100 g/ml of chloramphenicol, 1 mg/ml of X-Gluc, 2 mM ferricyanide, and 2 mM ferrocyanide) and incubated overnight at 37 °C. The material was washed repeatedly in 70% ethanol until the tissue was bleached. The stained tissue was then observed and photographed using an Olympus BX51 Microscope (Olympus Corporation, Japan). For GASA14-GFP localization analysis, the roots of young seedlings and freshly prepared mesophyll protoplasts were examined using a confocal laser-scanning microscopy (CLSM) combination system (LSM510/ConfoCor2; Zeiss, Jena, Germany).
Observation of epidermal cells using confocal microscopy
The third and fourth leaves of 3-week-old plants were collected, and the leaf area was measured. For observations of epidermal cells, the leaves were immersed in 75% ethanol until the tissue was bleached. The samples were stained with propidium iodide for 30 min, and were subsequently rinsed with water and photographed using a commercial laser-scanning microscope (LSM510/ConfoCor2) combination system (Zeiss).
Isolation of Arabidopsis protoplasts
Isolation of protoplasts from Arabidopsis was carried out at room temperature and in dim light according to a modified procedure described previously (He et al. 2006 , Gao et al. 2008 . Healthy leaves of 4-week-old plants were sliced with a razor blade into small leaf strips (0.5-1 mm), vacuum-infiltrated with enzyme solution [1-1.5% (w/v) cellulase R10 (Yakult Honsha, Tokyo Japan), 0.2-0.4% (w/v) macerozyme R10 (Yakult Honsha), 0.4 M mannitol, 20 mM MES at pH 5.7, 20 mM KCl, and 10 mM CaCl 2 ] for 10-20 min, and incubated in the dark at room temperature for 3 h with gentle shaking on an orbital shaker (60-80 rpm). Protoplasts were isolated by filtration through 75 mm nylon mesh sieves and collected by centrifugation at 100g for 3 min. Finally, the purified protoplasts were washed three times in W5 solution (154 mM NaCl, 125 mM CaCl 2 , 5 mM KCl, 5 mM glucose, and 1.5 mM MES/KOH, pH 5.6), and the concentration was adjusted to between 10 5 and 10 6 protoplasts ml -1 with W5 solution.
Total RNA extraction and RT-PCR Total RNA was isolated using TRIzol reagent (Invitrogen), and oncolumn DNA digestion was performed using an RNase-free DNase set (Takara Bio). cDNAs were synthesized from 2 μg of total RNA in a total volume of 20 μl using a PrimeScript first-strand cDNA synthesis kit (Takara Bio) with an oligo(dT) 16 primer. The primers used in this study are listed in Table S1 . Approximately 1 μl of cDNA was used in the subsequent PCRs. All PCRs were performed in a total volume of 20 μl using 27 cycles under the following conditions: denaturation at 94 °C for 30 s, annealing at 55 °C for 30 s, and extension at 72 °C for 30 s. The PCR products were subjected to electrophoresis and photographed using a BioImaging system (Gene Company Ltd).
Confocal microscopy to detect H 2 O 2 accumulation
Four-week-old plants were placed on Whatman filter paper that had been soaked with 5 ml of water, 2 μM ABA, or 200 mM NaCl and maintained in a growth chamber for 24 h. Leaves of these plants were used for preparing leaf strips. Freshly prepared abaxial leaf strips were first incubated for 30 min in 10 ml of loading buffer to eliminate any background ROS that may have been produced during the preparation of the leaf strips. The leaf strips were then placed in a small Petri dish containing 2.97 ml of loading buffer and incubated with 30 μl of dichlorofluorescein diacetate (H 2 DCF-DA) from a 100 mM stock solution in DMSO for 15 min in the dark. The dye-loaded leaf strips were transferred to a dish containing fresh buffer to wash off excess dye. A leaf strip was placed flat onto a plastic holder, and in situ detection of H 2 O 2 production was performed using a commercial laser-scanning microscope (LSM510/ConfoCor2) combination system (Zeiss). For excitation, a blue argon-ion laser (488 nm) set to 3% power was used. The emission fluorescence was collected by a bandpass from 500 to 550 nm for DCF fluorescence. The viability of the cells within the mesophyll tissue under the medium conditions was >80%, as determined by fluorescein diacetate staining (data not shown).
Results
The GASA14 gene is expressed in diverse organs throughout various developmental stages
The spatial and temporal expression patterns of GASA14 were examined to determine the function of GASA14. GASA14 promoter-driven GUS expression was tested by histochemical staining in three independent transgenic lines. The expression pattern of GASA14 was similar to that established by Roxrud et al. (2007) , but with several differences. During seed germination, the pGASA14::GUS lines always displayed strong GUS staining in the cotyledons, hypocotyls, and elongation zones of root tips (Fig. 1B, panels a and b) . Strong GUS signals were also detected in the emerging lateral roots (Fig. 1B, panel d) . After 6 d of germination, GUS activity could be detected in the veins of rosette leaves (Fig. 1B, panel  g ). GUS staining was also observed in the shoot stem during reproductive development (Fig. 1B, panel e) . GUS expression in the flower was limited to the vascular tissues of the petals, stamen filaments, and top of the style (Fig. 1B , panels c, f, h, i, k). GUS activity was also detected in the dehiscing region of the immature siliques (Fig. 1B, panel j) . RT-PCR analysis results were consistent with the observed pattern of pGASA14::GUS gene expression. GASA14 transcripts accumulated in all of the organs tested and were highest in the leaves (Fig. 1A) .
The GASA14 protein localizes mainly to the plasma membrane
A fusion protein of GASA14-GFP under the regulation of the CaMV 35S promoter was studied to determine the subcellular localization of GASA14 protein. Transgenic plants carrying free GFP were used as a control for subcellular localization. The green fluorescence of GASA14-GFP in the root elongation zone of three independent transgenic lines was observed. GFP fluorescence in cells expressing GASA14-GFP was localized to the cell periphery. In contrast, GFP fluorescence in cells expressing free GFP was detected in the nucleus and the cell periphery of the root elongation zone ( Fig. 2A, B) . The roots of the transgenic plants were treated with 0.5 M mannitol solution to induce plasmolysis, and GFP fluorescence was found to be separated from the cell wall at the root elongation zone (Fig. 2C) . Fluorescence detected at the cell periphery may represent the plasma membrane, the vacuolar membrane (tonoplast), or a thin layer of cytoplasm between the plasma membrane and the tonoplast. Protoplasts of the leaf mesophyllic cells of the transgenic plants were studied to confirm the localization of GASA14 further. GFP signals for the GASA14-GFP construct were enriched in the plasma membrane, whereas free GFP remained in the cytoplasm and plasma membrane (Fig. 2D, E) .
GASA14 regulates plant growth
The phenotypes of plants with altered GASA14 activity were analysed to study the biological roles of GASA14. A T-DNA insertion mutation line in the Col background was ordered from the SALK Institute (Fig. 3A) , and we generated the 35S::GASA14 overexpression lines with the Col ecotype. RT-PCR analysis showed that GASA14 mRNA was undetectable in the gasa14-1 line and was highly elevated in 35S::GASA14 line compared with the wild-type plants (Fig. 3B, C) . The gasa14-1 mutant plants showed reduced growth, and the 35S::GASA14 line showed increased growth compared with wild-type plants (Fig. 3F) . To evaluate the level of decreased and increased growth of the gasa14-1 and 35S::GASA14-overexpressing plants, we measured the leaf area of the third and fourth rosette leaves from the gasa14-1 and 35S::GASA14-overexpressing plants 21 d after sowing and found that there were significant differences between the (a, b) . In seedlings, GUS activity was detected in the emerging lateral roots (d), the vascular tissue of rosette leaves and petioles (g), and the cut end of the stem (e). In flowers, GUS staining was observed in the vascular tissues of the petals (i), the stamen filaments (c, h), and at the top of the style (f, k). GUS activity was also detected in the dehiscing region of the immature siliques (j). mutant and wild-type plants (Fig. 3E ). Because the difference in leaf area may result from differences in the cell number or cell size, we further observed the abaxial epidermal cells of the third and fourth rosette leaves and found that the leaf cell size of the gasa14-1 and 35S::GASA14-overexpressing plants was smaller and larger, respectively, than that of wild-type plants, in accordance with the leaf area of the three genotypes (Fig. 4) . In young plants, the rosette leaves of the gasa14-1 or 35S::GASA14 lines were smaller and larger, respectively, than those of the wild-type plants (Fig. 3F, G) . However, the difference in leaf size of the gasa14-1, 35S::GASA14, and Col lines diminished as plants reached the adult phase (Fig. 3H) .
A complementary test was performed by expressing the wild-type GASA14 coding sequence driven by the GASA14 promoter in the gasa14-1 line to confirm whether the mutant phenotype of gasa14-1 was caused by other gene locus mutations. After transformation of the gasa14-1 mutant with the pGASA14::GASA14 vector, the expression level of GASA14 and the reduction in the growth phenotype of gasa14-1 were rescued (Fig. 3D, F, G) . Thus, the GASA14 protein was functional and capable of rescuing the loss of function of gasa14-1 mutants. The reduced growth observed for gasa14-1 was thus due to the loss of functional GASA14.
GASA14 is induced by GA and depressed by GAI and RGA
Most GAST1 homologues are induced by GA. The GASA14 expression level increased when wild-type plants were treated with gibberellic acid (GA 3 ). In contrast, GASA14 transcript levels decreased significantly when wild-type plants were treated with an inhibitor of GA biosynthesis, paclobutrazol (PAC; Fig. 5A ). pGASA14::GUS transgenic seeds were germinated on plates supplemented with or without 100 μM GA 3 and 0.5 μM PAC for 48 h, and the results of histochemical staining showed that the hypocotyls stained darker when treated with GA 3 and lighter when treated with PAC compared with the pGASA14::GUS transgenic seeds without any treatment (Fig. 5B) . GAI and RGA, two major DELLA genes, are key components of the GA signalling pathway and can repress GA-induced vegetative growth (Fleet and Sun, 2005) . gai1 is a gain-of-function mutant of GAI, gai-t6 is a loss-of-function mutant of GAI, and rga24 is a loss-of-function mutant of RGA (repressor of ga1-3). The GASA14 expression level in mutants of the DELLA genes was detected by RT-PCR. Compared with wild-type plants, GASA14 expression levels in gai1 decreased, the transcripts of GASA14 in gai-t6 accumulated to a larger extent, and the GASA14 expression levels increased in rga24 (Fig. 5C ). These data suggested that GASA14 functions downstream of the DELLA genes.
GASA14 is required for GA-dependent growth
Different lots of Arabidopsis seeds were grown on MS supplemented with 1 μM PAC. Seeds of gasa14-1 plants were more sensitive to PAC than those of Col plants. Thirty per cent of the gasa14-1 seeds could not completely germinate 7 d after sowing the plates (Fig. 6B) . In terms of seedling establishment, gasa14-1 plants were less tolerant to PAC than the Col plants (Fig. 6A) . However, the percentage seed germination of the GASA14-overexpressing plants increased only slightly compared with that of the Col plants during the early days after sowing the plates (Fig. 6B) . When Col and gasa14-1 seeds that did not germinate on MS containing 1 μM PAC were transferred into MS supplemented with 10 μM GA, 100% and 34% seed germination was rescued, respectively. Thus, GASA14 is required for GA-dependent growth.
GASA14 mutants show an altered response to salt and ABA
Different expression levels of GASA14 resulted in changes in the responses to salt and ABA. After sowing in MS supplemented with 100 mM NaCl, the percentage germination of gasa14-1 was lower during the course of germination (Fig. 7B) . In terms of seedling establishment, the gasa14-1 mutants showed severe symptoms of salt stress in contrast to the Col plants (Fig. 7A) . However, both seed germination and seedling establishment of GASA14-overexpressing lines were only slightly better than those of the wild type (Fig. 7A, B) . When different lots of Arabidopsis seeds were germinated on MS containing 0.5 μM ΑΒΑ, the germination rate of the gasa14-1 plants was much lower than that of wild-type plants, and the seedlings almost died. However, about half of the wild-type seedlings stressed by 0.5 μM ABA turned green. The germination rate of the GASA14-overexpressing line was much higher than that of the wild-type line, and almost all of the seedlings turned green (Fig. 7C, D) . When the seeds of gasa14-1 mutants transformed with the pGASA14::GASA14 vector were stressed with salt and ABA, they were no longer sensitive to these stresses (Fig. 7A-D) . Thus, the sensitivity of gasa14-1 to salt and ABA stresses was indeed due to the loss of functional GASA14.
GASA14 modulates salt-and ABA-induced H 2 O 2 accumulation
Stresses usually cause damage to plants via oxidative stress involving the generation of ROS, such as H 2 O 2 (Zhu, 2001) . GASA14 was determined to function in stress tolerance through the detoxification of ROS because overexpression of GASA14 improved the salt and ABA tolerance of transgenic plants. CLSM and a luminescence spectrometer were used to observe H 2 O 2 generation in situ with the assistance of the fluorescence probe H 2 DCF-DA. As shown in Fig. 8 , accumulation of H 2 O 2 , as indicated by the fluorescence intensity of DCF, could be observed in the leaf cells of the Col plants after treatment with salt and ABA. Under the same conditions, enhanced accumulation of H 2 O 2 in the leaf cells of the gasa14-1 plants was observed, and H 2 O 2 generation was partially abolished in the leaf cells of the GASA14-overexpressing plants (Fig. 8A, B) . Thus, GASA14 affects abiotic stress resistance by modulating the accumulation of ROS. 
Discussion
When the function of GASA14 was investigated, it was found that GASA14 was expressed in young leaves and in the elongation zone of roots (Fig. 1B) . The knockout mutant gasa14-1 showed retarded germination and growth in young seedlings, and overexpression of GASA14 promoted leaf expansion (Fig. 3F) . The GASA14 function in promoting growth is similar to that of PRGL in G. hybrida, which is highly expressed in young flowers, leaves, and roots, and these two genes share approximately 73.3% amino acid identity (Peng et al., 2010) . GASA14 is speculated to function in the promotion of cell elongation, because the cell size changes that occur in the leaves of the gasa14-1 and 35S::GASA14-overexpressing lines correlate with the changes in leaf area. The functions of both GIP2 from petunia and GASA5 from Arabidopsis in cell elongation are the same as the function of GASA14 (Ben-Nissan et al., 2004; Zhang et al., 2009) . In contrast, overexpression of FaGAST1 in strawberry causes delayed growth, indicating that FaGAST1 may function in the inhibition of cell elongation (de la Fuente et al., 2006) . GEG, another GAST1 homologous gene in G. hybrida, is expressed in the late developmental stages of the corolla and plays a role in the cessation of cell expansion (Kotilainen et al., 1999) . Moreover, PRGL and GASA5 localized to the cell wall, but GASA14 localized to the plasma membrane (Fig. 2E) .
Although most of the GAST-like genes that have been characterized are located in the cell wall, OsGSR1, one of the rice GAST-like genes involved in the crosstalk between gibberellins and brassinosteroids, is located in the cell membrane, cytoplasm, and nucleus . It also has been found in petunia that GIP1 shows 98% identity with GIP2 and that GIP4 shows 77% identity with GIP5, but GIP2 and GIP4 are located in the cell wall, whereas GIP1 and GIP5 are located in the endoplasmic reticulum (Ben-Nissan et al., 2004) . Moreover, GASA5, which localizes to the cell wall as indicated by GFP fusion protein analysis (Zhang et al., 2009) , was formerly speculated to be located in the endoplasmic reticulum (Ben-Nissan et al., 2004) . The cell membrane location of GASA14 coordinates well with the function of ROS balance, because ROS are generated inside cells. The reason that GAST1 homologous genes identified in different plants show opposite functions in cell and plant growth requires further investigation. Moreover, GASA14, similar to PRGL in Gerbera, is characterized as a PRP with a GASA domain. Bindschedler et al. (2006) reported that a chitin-binding protein in beans composed of a PRP component (25 kDa) and a snakin-2 like peptide containing a GASA domain were encoded by two independent genes. These gene products formed a complex to intercept and bind to pathogens during the plant-pathogen interaction. Although the relationship between PRP and the GASA domains in GASA14 remains to be elucidated, it is suggested that the GASA domain might be necessary to the function of GASA14 because overexpression of the PRP domain alone did not exhibit any phenotypes in young plants or alter the responses to ABA and salt treatment ( Fig. S1 at JXB online). An alternative explanation is that coordination between the GASA and PRP domains in GASA14 is possible.
GA is the key phytohormone for promoting cell elongation, and GASA14 is induced by GA (Fig. 5) . GAI and RGA are two major DELLA genes that repress GA-induced vegetative growth (Fleet and Sun, 2005) , and the expression of GASA14 was downregulated by GAI and RGA, as shown by the results in Fig. 5C . Thus, GA-induced degradation of GAI and RGA followed by de-repression of GASA14 to promote plant growth should occur. gasa14-1 plants were more sensitive to PAC, and GA could partially restore the inhibition of gasa14-1 seed germination by PAC, indicating that GASA14 functions downstream of GAI and RGA to promote growth of young seedlings in Arabidopsis.
We investigated the stress responses of the GASA14 mutants to ABA and salt. It was clear that the gasa14-1 plants were more sensitive, and the 35S::GASA14 line showed resistance to both ABA and salt (Fig. 7) . It has been reported that DELLA quadruple mutant seedlings were less inhibited by salt than wild-type plants (Achard et al., 2006) , and we showed that GASA14 is downregulated by GAI and RGA (Fig. 5C ). Thus, it is possible that GASA14 may partially contribute to the salt tolerance of the DELLA quadruple mutant seedlings. Wigoda et al. (2006) proposed that the GAST-like proteins acted as antioxidants because the proteins contain putative redox-active cysteines, and they found that overexpression of GIP2 in petunia leads to reduced H 2 O 2 accumulation after wounding or treatment with ABA and osmotic stress. Rubinovich and Weiss (2010) mutated the GASA gene to replace the conserved cysteines with alanines and found that the gene lost its redox activity. As the GASA14 mutants showed altered responses to ABA and salt treatment, and the ABA and salt treatment induced ROS, we studied the H 2 O 2 accumulation of the GASA14 mutants when treated with ABA and salt (Hernández et al., 2001; Kwak et al., 2003) . The GASA14-overexpressing plants accumulated less H 2 O 2 than the wild-type plants when treated with ABA and salt (Fig. 8A, B) . Conversely, the gasa14-1 plants accumulated more H 2 O 2 than the wild-type plants, implying that GASA14 regulates stress resistance by modulating ROS accumulation. Our data provide yet another example of a GAST-like protein acting as an antioxidant. The quadruple DELLA mutant was less tolerant than the wild-type plants in under salt stress (Achard et al., 2006) . Arabidopsis-induced DELLA accumulation reduces ROS levels by elevating the expression of the genes encoding ROS-detoxification enzymes after either biotic or abiotic stress, thus delaying cell death and promoting tolerance (Achard et al., 2008) . Variations in the performance of the quadruple DELLA mutants to different salt concentrations may be due to variations in the induced pathways. Under salt stress, DELLA proteins may upregulate the expression of genes encoding ROS-detoxification enzymes to cope with the extreme environment.
When stressed with low salt concentrations, the GAST1 homologues act as antioxidants to confer tolerance to stresses. A certain concentration of H 2 O 2 is reported to be necessary for the elongation of maize leaf blades (Rodríguez et al., 2002) . Glutaredoxin and thioredoxin are required to maintain a plant's redox status and thus are involved in petal (Li et al., 2009) and meristem (Benitez-Alfonso et al., 2009) development. Based on our experimental results, GASA14 located in the membrane may act as a redox regulator and play a role in germination and the growth of young seedlings.
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